Introduction
Approximately 45 % of all deaths in the developed world are caused by chronic fibrogenic disorders [1] . Kidney fibrosis, particularly tubulointerstitial fibrosis, is commonly the final outcome of progressive kidney diseases. Diabetes is also associated with progressive fibrosis of the kidney, as characterized by matrix deposition and glomerulosclerosis. Notably, fibrosis is initially a tissue-repairing process, and progressive kidney fibrosis may result from the disruption of the normal wound-healing process [1, 2] . It is difficult to determine the factor primarily responsible for this result, e.g., the cellular induction of fibrosis or the production of excess extracellular matrix. Many cell types are involved in the process, including resident cell types, such as resident fibroblasts, tubular epithelial cells, pericytes, endothelial cells, vascular smooth muscle cells, mesangial cells, and podocytes, but many nonresident bone marrow-derived cells/fibrocytes and inflammatory cells are also involved [3, 4] . During the progression of kidney fibrosis, each cell type, resident or nonresident, has a distinct role in the fibrogenic process, thus demonstrating cooperation among the different cell types. Additionally, the change from an epithelial or endothelial cell phenotype to a mesenchymal phenotype through epithelial-mesenchymal transition (EMT) or endothelial-mesenchymal transition (EndMT) may represent important programs generating matrix-producing mesenchymal-like cells [3, 4] . Diabetes is associated with endothelial damage by multiple insults, including those from transforming growth factor (TGF)-bs. Therefore, among the various processes of the mesenchymal programs mentioned above, we and others have focused on the EndMT program in the fibrosis of diabetic kidneys that is induced by TGF-bs.
Recently, we have found that dipeptidyl peptidase (DPP)-4, a molecule functioning in the maintenance of blood glucose levels via the modulation of incretin hormones, may play a vital role in endothelial cell homeostasis as well as extracellular matrix production. This review will focus on the biology of DPP-4 in endothelial cells and how this enzyme is a relevant therapeutic target for diabetic nephropathy and kidney fibrosis.
EndMT and TGF-b
The profibrotic cytokine TGF-b is produced by resident kidney cells and infiltrating inflammatory cells and is also filtered from the plasma during proteinuria [5] . The three isoforms of TGF-b (TGF-b1, TGF-b2, and TGF-b3) are ubiquitously expressed and play biologically significant roles in most cell types in mammals through the intracellular signaling cascade involving the Smad family of proteins. TGF-b type I (TbRI) and type II (TbRII) receptors are signaling receptors that form heteromeric cell surface complexes with TGF-bs as one of the earliest events in the cellular response [18] . EndMT is activated mainly by the TGF-b2 isoform [6] [7] [8] . The primary action of TGF-b1 on endothelial cell (EC)s is likely to induce cell proliferation [9] . This effect of TGF-b1 occurs through the TGF-b type III receptor, known as endoglin, on ECs [10] . Endoglin is an auxiliary receptor by which TGF-b signaling responses through TGF-b/ALK1 signaling are stimulated, whereas TGF-b/ALK5 signaling is inhibited [10] . In ECs, TGF-b1 binds to endoglin and induces signaling via ALK1 rather than ALK5. This TGFb1/ALK1 interaction results in the phosphorylation of Smad1/5/8; subsequently, TGF-b1 signaling induces endothelial cell proliferation [9] . In ECs, TGF-b2 promotes signaling through ALK5 and ALK2, resulting in the phosphorylation of both Smad1/5/8 and Smad2/3, and also induces EndMT. EndMT has shown to be induced by TGF-b2 via Smad-independent pathways, including MEK [MAPK (mitogen-activated protein kinase)/ERK (extracellular-signal regulated kinase) kinase], PI3K (phosphoinositide 3-kinase) and p38 MAPK.
DPP-4 and DPP-4 inhibitors
DPP-4 is a member of the serine peptidase/prolyl oligopeptidase gene family and was originally characterized as a T-cell differentiation antigen (CD26) and as a cell surface aminopeptidase. The DPP-4 gene encodes a type II transmembrane protein of 766 amino acids. DPP-4 is anchored to the lipid bilayer of the cell membrane by a single hydrophobic segment located at the N-terminus, and it has a short cytoplasmic tail of six amino acids [11] . The extracellular portion of DPP-4 contains glycosylated, cysteine-rich catalytic domains (Fig. 1) [12] . The C-terminal loop of DPP-4 is essential for its catalytic efficacy, and its dimerization was confirmed in a mutation study [13] . Additionally, catalytically active DPP-4 is detached (or cleaved) from the plasma membrane, resulting in the production of a soluble circulating form of DPP-4, sDPP-4 (727 aa).
DPP-4 has the following diverse biological functions: protease activity; interaction with adenosine deaminase (ADA) and the extracellular matrix; co-receptor activity mediating viral entry; and regulation of intracellular signals associated with cell migration and/or proliferation [14] [15] [16] [17] [18] . DPP-4 is ubiquitously expressed and is found in diverse cell types, including endothelial cells in several organs. Interestingly, the enzymatic activity of DPP-4 is the highest in the kidney per organ weight. More than 30 substrates have been reported for DPP-4, including glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic peptide (GIP) [12] , brain natriuretic peptide 1-32 [19, 20] , neuropeptide Y [21] , high mobility group protein 1 (HMGB1) [22] , and others [21, 23, 24] . Recently, two major growth factors of hematopoietic cells, erythropoietin and granulocyte-colony stimulating factor, have also been identified as substrates for DPP-4 [25] . The complexities of the biological activities of DPP-4 are indeed enhanced by this array of bioactive substances for DPP-4, thus highlighting the elegant role of DPP-4 in the biochemical tuning of multiple tissues.
DPP-4 inhibitors are well-recognized drugs for type 2 diabetes. In addition to their glucose-lowering action, DPP-4 inhibitors have been found in pre-clinical studies to exhibit cardiovascular protection against hypertension [26] , abdominal aortic aneurysm [27] , cardiomyopathy [28] , atherosclerosis [29] , and peripheral vascular disease [30] via both GLP-1-dependent and -independent pathways through their diverse, widely distributed, pleiotropic actions [31] . Furthermore, DPP-4 inhibitors have been The pathological significance of dipeptidyl peptidase-4 in endothelial cell homeostasis and… 213
shown to prevent fibrosis in diverse organs, including the heart [32, 33] , liver [34] , and kidney [35] . DPP-4 is expressed on the cell surface in many cell types, such as endothelial cells, kidney epithelial cells, and T cells. DPP-4 localizes in the cell membranes in diverse cell types, interacts with binding partners, and transmits intracellular signals [36] . The kidney is the organ in which DPP-4 is expressed at its highest level per organ weight [21] . Inflammation induces the expression of DPP-4 in human renal glomerular epithelial cells [37] . Additionally, diabetic conditions increase DPP-4 protein levels in rodent kidneys [35, 38] . Several candidates for the incretin hormone-independent effects of DPP-4 inhibitors in the kidney have been reported, and some reports have indicated that the known substrates of DPP-4, such as HMGB1, meprin b, neuropeptide Y (NPY), and peptide YY (PYY), play roles in its mechanisms [39] . Therefore, the increased activities of DPP-4 in the kidney or urine are potential hallmarks of human glomerular diseases [36, 40] . In rodent models, DPP-4 inhibitors mediate a reduction in urine albumin and improve histological alterations in the kidney in both type 1 and type 2 diabetes [35, [41] [42] [43] . In addition to the blockade of the Ang II receptor, linagliptin reduces urine albumin levels in diabetic endothelial nitric oxide synthase-knockout mice [44] . Similarly, linagliptin significantly reduces urinary albumin excretion in addition to the recommended standard treatment of patients with type 2 diabetes and renal damage [45] . The antifibrotic effects of DPP-4 inhibitors have also been reported in another nondiabetic kidney fibrosis model, unilateral ureteral obstruction (UUO). The DPP-4 inhibitor LC15-0444 significantly reduces urine albuminuria, urinary excretion of 8-isoprostane, and renal fibrosis in UUO kidneys [46] . In our recent study, we found that linagliptin restores the normal kidney structure in streptozotocin (STZ)-induced diabetic kidneys of CD-1 mice without altering blood sugar, blood pressure, body weight, or the weights of the kidney, liver, and heart [35] . We have shown that linagliptin suppresses kidney fibrosis in STZ-induced diabetic mice and is associated with the inhibition of EndMT as well as the suppression of DPP-4 activity, DPP-4 protein expression, and TGF-bSmad signaling [35] . EndMT has been shown to be crucially important in forming the valves and septa of the heart during embryo development [47, 48] . EndMT may contribute to the accumulation of activated fibroblasts and myofibroblasts in kidney fibrosis [49] . In this regard, endothelium-specific heterozygous TGF-b receptor II knockout mice exhibit less tubulointerstitial fibrosis, enhanced preservation of renal microvasculature, improved renal blood flow, and less tissue hypoxia in UUO or folic acid nephropathy kidney fibrosis models [50] . EndMT has also been shown to be relevant in heart fibrosis and tumor stroma [51] [52] [53] [54] [55] [56] . Serum from CKD patients, which contains a significant amount of a circulatory inhibitor of angiogenesis and nitric oxide, inhibits the proliferation of cardiac endothelial cells and induces apoptosis and the EndMT [57] . In this regard, the DPP-4 inhibitor linagliptin induces an antifibrotic effect through a mechanism that specifically targets endothelial cells [35, 58, 59] . We found that DPP-4 plays vital roles in TGF-b-stimulated signal transduction mechanisms by showing that the formation of the TGF-b2-induced TGF-bRI/II heterodimer is suppressed in DPP-4 siRNA-transfected endothelial cells [59] . [60] . Integrin subunits contain an extracellular domain, which determines their ligand-binding properties, a transmembrane domain, and a short cytoplasmic tail that binds to multiple cytosolic and transmembrane proteins by forming a focal adhesion complex (with the exception of b4) [61] . Integrins interact with extracellular matrix (ECM) glycoproteins (collagens, fibronectins, and laminins), cellular receptors (vascular cell adhesion molecule-1; VCAM-1) and members of the intracellular cell adhesion molecule (ICAM) family [62, 63] . Furthermore, integrins play vital roles in actin cytoskeleton remodeling as well as in tuning cell signals that regulate biological and cellular functions, such as cell adhesion, migration, proliferation, differentiation, and apoptosis [64] . Integrins have no catalytic site and no kinase activity, but they act as a bridge between the ECM and the actin cytoskeleton. This integrin-mediated interaction between the ECM and the actin cytoskeleton allows integrins to regulate cytoskeletal organization, cell motility, and many intracellular-signaling pathways, such as cell survival, cell proliferation, cell shape, and angiogenesis [65, 66] . Therefore, integrins play a vital role in maintaining the homeostasis of organ functions under normal conditions and in pathogenic conditions. Integrins display significant roles in several fibroproliferative diseases, including diabetic nephropathy [67] [68] [69] [70] .
Integrin b1 can form a heterodimer with at least 11 asubunits. Thus, integrin b1 acts as a receptor for specific ECM components [71] [72] [73] [74] (Fig. 2) . Integrin b1 is ubiquitously expressed in embryonic development through adulthood. Therefore, it is not surprising that integrin b1 knockout mice are embryonic lethal due to a failure in preimplantation development. Podocyte-specific integrin b1 knockout mice are delivered normal. After birth, however, they develop a remarkable amount of proteinuria with podocyte defects and die within the first week of life [75] . In fibroblasts, the expression of integrin b1 is required for fibrogenesis, and blockade of integrin b1 signaling can diminish the progression of cutaneous fibrosis [76] . In the UUO kidney, both the mRNA and protein expression of integrin b1 are significantly induced and are associated with the levels of tubular TGF-b1 [69] . The activation of integrin b1 is a pivotal event for the induction of TGF-b1, and the inhibition of integrin b1 results in the reduction in TGF-b1 levels, thus suggesting significant crosstalk between integrin b1 and TGF-b signaling in the pathogenesis of tubulointerstitial fibrosis [69] .
The loss of membrane-bound DPP-4 has shown to be associated with a reduction in the phosphorylation of integrin b1 at residue S785, which has a key role in the cellular adhesion of integrin b1 to the ECM [77] . Regarding this finding, we have recently reported a novel profibrotic molecular mechanism mediated by the interaction of DPP-4 and integrin b1 [59] (Fig. 3) . TGF-b2-induced EndMT was associated with the induction of DPP-4 and integrin b1. In cultured endothelial cells; the incubation of activating antibody for integrin b1 induced DPP-4 protein expression associated with EndMT. DPP-4 and integrin b1 exhibited a physical interaction as determined by a close proximity assay and immunoprecipitation analysis. DPP-4 suppression by siRNA resulted in the suppression of integrin b1 and vice versa. Either integrin b1 or DPP-4 knockdown resulted in the inhibition of TGF-b2-induced TGF-b receptor heterodimer formation, Smad3 phosphorylation, and EndMT. Furthermore, the interaction between DPP-4 and integrin b1 induces the expression of vascular endothelial growth factor receptor (VEGFR) 1, a type of ''decoy'' receptor for VEGF-induced angiogenesis events, and it results in the concomitant suppression of the VEGFR2 angiogenic receptor [59] . Such alterations in VEGF receptors are relevant because VEGF is a potent stimulator of angiogenesis in endothelial cells, mainly through VEGFR2. The actions of VEGF on endothelial cells are regulated by several VEGF receptors, each of which plays distinct roles in EndMT. VEGFR1 favors EndMT, whereas VEGFR2 counteracts EndMT [7] . Indeed, in STZ-induced diabetic mice, DPP-4, integrin b1, and VEGF-R1 are all induced in endothelial cells, while VEGFR2 is suppressed. These data clearly demonstrate that the interaction of DPP-4 and integrin b1 may be a therapeutic target for maintaining the homeostasis of endothelial cells and treating kidney fibrosis in diabetes [59] .
MicroRNAs and DPP-4 in the kidney
MicroRNAs (miRs) have been intensively analyzed for their biological significance for the past 20 years. The expression profiles of miRNAs are altered by several physiological/environmental stimuli, such as sustained hyperglycemia, inflammatory cytokines, proteinuria, ageing, high blood pressure, and hypoxia, which result in alterations in the kidney miRNA expression profiles. Such alterations in miRNA levels may induce the transition program in the normal kidney, thus leading to fibrosis. The synthesis and levels of miRs are tightly regulated. The known antifibrotic miRs, miRNA-29s, are involved in the protection of diabetic kidneys from the fibrotic process [35, 78, 79] . By screening miRNA targets with TargetScan 2 Integrin b1 receptors and their ligands. In the integrin family, integrin b1 is the most critical member because integrin b1 can form heterodimers with at least 11 types of a-subunits, making them receptors for many types of stimuli and ligands
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(http://www.targetscan.org/vert_60/), we identified a conserved miRNA-29 binding site in the 3 0 UTR of DPP-4 [35] . By cloning and utilizing the 3 0 UTR of the human DPP-4 mRNA in a reporter vector, we experimentally showed that the miR-29-binding site in the DPP-4 3 0 UTR functionally suppresses DPP-4 gene expression. In the kidneys of diabetic mice, miR-29 levels are suppressed compared with those of normoglycemic mice [35] (Fig. 4) . Linagliptin ameliorates the kidney histology and functions associated with the induction of miR-29 expression in diabetic kidneys [35] . Additionally, linagliptin treatment restored the levels of miR-29s that were suppressed by TGF-b2 in primary cultured endothelial cells (Fig. 4) . Importantly, miR-29 also targets integrin b1 [80, 81] ; therefore, the levels of miR-29s can directly affect the levels of both DPP-4 and integrin b1. Furthermore, very recently, we have shown [82] that miR-29s and miR-let-7s, another miR, play anti-EndMT roles [83] consisting of anti-EndMT crosstalk regulation against the mesenchymal activation program in vivo and in vitro. This type of bidirectional regulation between two miRs could play an essential role in maintaining the anti-EndMT program [82] . Therefore, DPP-4-inhibition-associated induction of miR-29s can be relevant to the suppression of EndMT programs via the suppression of miR-29 target genes such as DPP-4 and integrin b1, as well as the induction of anti-EndMT miRs crosstalk.
Perspective
In clinical settings, it is not clear how the DPP-4 inhibitors differ. The glucose-lowering effects of the DPP-4 inhibitors are likely to be similar. However, each DPP-4 inhibitor has a distinct chemical structure. The diversity of DPP-4 inhibitors results in unique pharmacodynamic and pharmacokinetic profiles, and the structural diversity of DPP-4 inhibitors may influence the pleiotropic effects of the DPP-4 inhibitors. Utilizing two distinct DPP-4 inhibitors, sitagliptin and linagliptin, we recently found that linagliptin inhibits TGF-b-induced Smad3 phosphorylation, miR-29 suppression, the induction of VEGFR1, EndMT, and the interaction between DPP-4 and integrin b1 [84] . However, sitagliptin does not inhibit any of these processes [84] . Interestingly, both linagliptin and sitagliptin inhibit DPP-4 activity in a medium containing recombinant DPP-4 in a cell-free system. TGF-b2-induced DPP-4 activity in cultured endothelial cells is inhibited by linagliptin but not by sitagliptin, thus suggesting that only linagliptin can inhibit the molecular crosstalk involved in EndMT. To explain the molecular mechanisms of such differences between these two DPP-4 inhibitors, we have observed that linagliptin inhibits DPP-4 homodimerization, which supports the enzymatic activity of DPP-4, whereas sitagliptin does not inhibit DPP-4 homodimerization. Several potential reasons for the differences between these DPP-4 inhibitors are described below. (i) DPP-4 inhibitors can be divided on the basis of their structure into those that mimic the dipeptide structure of DPP-4 substrates and those that are nonpeptidomimetic. Sitagliptin belongs to the peptidomimetic family, which exhibits a triazolopiperazine-based structure, and linagliptin belongs to the nonpeptidomimetic family, which includes imidazolebased inhibitors [85, 86] .
(ii) Linagliptin is likely lipophilic [87] . Sitagliptin exhibits pH-dependent aqueous solubility. Sitagliptin is soluble in water and N,N-dimethyl formamide, and it is slightly soluble in methanol [88] . (iii) Recently, DPP-4 inhibitors have also been divided into three classes according to their binding subsites [89] . Linagliptin belongs to the second class and interacts with the S1 and S2 subsites, but it also interacts with the additional S 0 1 subsite where Tyr547 is located. Among the DPP-4 inhibitors, only linagliptin binds to the S 0 2 subsite. Sitagliptin belongs to the third class and binds to the S1, S2, and S2 extensive subsites [89] . (iv) The dimerization of DPP-4 is required for its activity, and Tyr547 (linagliptin binding site), Glu205, and Glu206 from the propeller loop are critical for its dimerization [90] [91] [92] . It is not entirely clear how the differences in these DPP-4 inhibitors might affect DPP-4-homodimer formation at the cell membrane. DPP-4 inhibitors might directly interfere with DPP-4 homodimer formation. Another possibility is that DPP-4 inhibition may affect the intracellular signaling cascade that is required for DPP-4 homodimer formation. Further study is required to clearly determine the molecular mechanisms of how each DPP-4 inhibitor affects the DPP-4 activity at the cell membrane. Additionally, clinical studies must further evaluate whether such differences in DPP-4 inhibitors have different clinical effects.
Conclusions
This review describes the antifibrotic effects of DPP-4 inhibitors with a focus on the role of DPP-4 overexpression in endothelial cells and EndMT. The potential antifibrotic effects of DPP-4 inhibitors are likely to be beneficial for human health in the context of diabetic patients. However, fibrosis is a tissue-repair process. Without adequate amelioration of tissue-damaging insults, such as hyperglycemia, hypertension, and inflammation, ''antifibrosis'' treatment alone would result in deficiencies in the tissuerepair process and perhaps induce further tissue injury. Additionally, there are other pleotropic effects of DPP-4 inhibitors, and some are not always favorable [93] [94] [95] . Therefore, the biology of DPP-4 must be further understood, and it remains to be determined how the pleiotropic effects of DPP-4 inhibitors might contribute to human health.
Acknowledgments Parts of this review were presented in the Lilly Award Lecture at the Japan Diabetes Society 2016, Kyoto, Japan. KK would like to express his sincere gratitude to Professor Daisuke Koya for his guidance and support. This work was partially supported by grants from the Japan Society for the Promotion of Science to KK (23790381) and research grants from the Japan Research Foundation for Clinical Pharmacology to KK (2011). This work was partially supported by a Grant for Promoted Research awarded to KK (S2013-13, S2014-4, S2015-3) from Kanazawa Medical University.
Compliance with ethical standards
Conflicts of interest KK received lecture fees from Boehringer Ingelheim and Eli Lilly. Both Boehringer Ingelheim and Eli Lilly donated funds to Kanazawa Medical University and were not directly associated with this project. Boehringer Ingelheim, Mitsubishi Tanabe Pharma, and Ono Pharmaceutical contributed funds to establish the Division of Anticipatory Molecular Food Science and Technology. KK is in a consulting contract with Boehringer Ingelheim.
Ethics policy This article does not contain any studies with human or animal subjects performed by any of the authors.
